The ribosome's common core connects all life back to a common ancestor and serves as a 13 window to relationships among organisms. In eukaryotes, the common core contains expansion 14 segments (ES's) that vastly increase ribosomal RNA size. Supersized ES's have not been 15 observed previously in Bacteria or Archaea, and the origin of eukaryotic ES's remains enigmatic. 16
Introduction 28
The ribosome connects all life on Earth back to the Last Universal Common Ancestor (LUCA) 29 (Woese and Fox 1977) . The small ribosomal subunit (SSU) decodes mRNA and the large 30 ribosomal subunit (LSU) links amino acids together to produce coded protein. Both subunits are 31 made of ribosomal RNA (rRNA) and ribosomal protein (rProtein). All cytoplasmic ribosomes 32 contain a structurally conserved universal common core, comprised of 2800 nucleotides and 28 33 rProteins, and including the peptidyl transferase center (PTC) in the LSU and the decoding 34 center (DCC) in the SSU (Melnikov, et al. 2012; Bernier, et al. 2018 ). The rRNA of the common 35 core is a reasonable approximation of the rRNA in LUCA and is most similar to rRNA of extant 36 bacteria (Melnikov, et al. 2012; Petrov, et al. 2014b; Bernier, et al. 2018) . 37
In Eukarya, the rRNA of the common core is elaborated by expansion segments (ES's, 38 (Veldman, et al. 1981; Clark, et al. 1984; Hassouna, et al. 1984; Gonzalez, et al. 1985; 39 Michot and Bachellerie 1987; Bachellerie and Michot 1989; Gutell 1992; Lapeyre, et al. 1993; 40 Gerbi 1996; Schnare, et al. 1996) . ES's emerge from a small number of conserved sites on the 41 common core and are excluded from regions of essential ribosomal function such as the DCC, 42 the PTC and the subunit interface (Ben-Shem, et al. 2010 ; Anger, et al. 2013 ). Expansion 43 segments are larger and more numerous on the LSU than on the SSU; across phylogeny, size 44 variation of the SSU rRNA is around 10% that of LSU rRNA (Gutell 1992; Gerbi 1996; Bernier, 45 et al. 2018 ). Metazoan rRNAs contain supersized ES's of hundreds of nucleotides (nts). 46
The recent discovery and characterization of the Asgard archaeal superphylum suggests 47 that the last archaeal and eukaryotic common ancestor (LAECA) contained key components of 48 eukaryotic cellular systems (Spang, et or Archaea and were considered unique to eukaryotes (Ware, et al. 1983; Clark, et al. 1984; 56 Hassouna, et al. 1984; Gerbi 1996; Melnikov, et al. 2012) . 57
Here, we apply computation and experiment to study the structure and evolution of 58 Asgard rRNA. We find that LSU rRNA of the Asgard phylum, Lokiarchaeota, contains an 59 archaeal common core and supersized eukaryotic-like ES's. No es's were found in SSU rRNA of 60
Lokiarchaeota.In size and complexity, Lokiarchaeota LSU ES's exceed those of protists rRNAs 61 and rival those of metazoan rRNAs. Our data suggests that the large ES's of Lokiarchaeota and 62
Eukarya can be traced back to a common ancestor. 63 64
Results

65
Comparative analysis reveals broad patterns of LSU rRNA size relationships. Previously, 66 we developed the SEREB MSA (Sparse and Efficient Representation of Extant Biology, 67
Multiple Sequence Alignment) as a tool for comparative analysis of rRNA and rProtein 68 sequences (Bernier, et al. 2018 ). The SEREB MSA is a structure-informed alignment of a sparse 69 and unbiased group of sequences including all major phyla. The MSA was manually curated and 70 extensively cross-validated. The SEREB MSA is useful as a seed to study a variety of 71 evolutionary phenomena. Previously, we augmented the SEREB MSA to include additional 72 metazoan sequences, allowing us to characterize ES's and their evolution in metazoans (Mestre-73 Fos, et al. 2019a; Mestre-Fos, et al. 2019b). Here, we augmented the SEREB MSA to include 21 74 sequences from the Asgard superphylum (supplementary datasets S1,2). 75
The SEREB MSA indicates that size relationships of LSU rRNAs follow the general 76 pattern: Bacteria (2725-2960 nts, n=61 [n is number of species]) < Archaea (2886 to 3094 nts, 77 n=48, excludes Lokiarchaeota) < Eukarya (3300-5200 nts, n=30; Fig. 2 ). Archaeal rRNAs 78 frequently contain micro-expansion segments (μ-ES's; stem loops of less than 20 nts) at 79 positions of eukaryotic ES's. Archaeal LSU rRNAs commonly contain μ-ES's at the sites of 80 attachment of ES9 and ES39 in eukaryotes. For example, in the archaeon P. furiosus, μ-ES9 is 81 33 nts and μ-ES39 is 45 nts (Fig. 1C, supplementary figure S2 ). The archaeon Haloarcula 82 marismortui contains μ-ES9 but lacks μ-ES39 (not shown). 83
Lokiarchaeota bridge Eukarya and Archaea in LSU rRNA size. The Asgard 84 augmentation of the SEREB MSA reveals unexpectedly large Lokiarchaeota LSU rRNAs. 85
Lokiarchaeota LSU rRNAs range from 3100 to 3300 nts (n=7). Lokiarchaeota rRNAs are close 86 to or within the observed size range of eukaryotic LSU rRNAs (Fig. 2) . The Asgard-augmented 87 SEREB MSA reveals supersized ES's in Lokiarchaeota spp. These supersized ES's attach to the 88 universal common core rRNA at the sites of attachment of eukaryotic ES9 and ES39 and 89 archaeal μ-ES9 and μ-ES39 ( Fig. 1) Lokiarchaeota LSU rRNA contain the common core. We have determined the extent 103 of structural similarity of Lokiarchaeota LSU rRNAs with those of various eukaryotes. We 104 combined computational and experimental methods to characterize the LSU rRNA secondary 105 structure of Lokiarchaeota F3H4_B5 ( Fig. 1E; supplementary figure S1 ). Secondary and three-106 dimensional structures are known for ribosomes of several eukaryotes and archaea, providing a 107 basis for modeling by homology. Like all other LSU rRNAs, Lokiarchaeota LSU rRNA contains 108 the rRNA common core, which is trivial to model because the backbone atoms of the common 109 core are highly conserved in all cytosolic ribosomes. 110 around 15 nts in length ( Fig. 6; supplementary figure S3 ). The ES39 fold is conserved in 117 structure but not in sequence. 118
The ES39 fold has complex evolutionary history. In general, ES's have increased in 119 size over evolutionary history via accretion. Growth by addition of one rRNA helix to another is 120 commonly marked an insertion fingerprint (Petrov, et al. 2014b; Petrov, et al. 2015) . Eukaryotic 121 ES39 lacks insertion fingerprints. Instead, the ES39 fold has three long non-duplex rRNA strands 122 at its base that are tightly associated with the ribosomal surface. Initial Lokiarchaeota ES39 secondary models were predicted by two methods. One 136 preliminary secondary structural model of ES39 of Lokiarchaeota F3H4_B5 was generated using 137 mfold (Zuker 2003) ( Fig. 4) . Mfold predicts a minimum free energy secondary structures using 138 experimental nearest-neighbor parameters. We selected the mfold model with lowest free energy 139 for further studies. A second model forced Lokiarchaeota ES39 to conform to the H. sapiens 140 secondary structure. The mfold model was confirmed to be correct by covariation analysis and 141 SHAPE reactivity data, below. 142 way junction that connects helices H98, a and b. This three-way junction is similar to the one 179 seen in Lokiarchaeota F3H4_B5 (Fig. 4) . Additionally, some members of Asgard archaea 180 revealed an additional branching of helix a into a1 and a2 mirroring the morphology of ES39 in 181 Lokiarchaeota F3H4_B5. Despite the common branching morphology, the length of the 182 individual helices substantially varies between different species (Fig. 5D) . We assessed the extent to which Lokiarchaeota ribosomes follow or deviate from 207 previously established patterns of ribosomal structure. We found that Lokiarchaeota ribosomes 208 follow several established patterns. 209
Lokiarchaeota ribosomes: 210
• contain the universal common core of rRNA and rProteins (this work) (Spang, et al. 211 2015) , 212
• confine rRNA diversity of structure and size to ES's/μ-ES's (this work), 213
• restrict ES's to universally conserved sites on the common core (Ware, et al. 1983 . 6B) . In three dimensions, ES39 is close to ES7 and rProteins uL13, eL14, and aL33 231 (supplementary figures S3, S4, S5). These elements in Lokiarchaeota are more similar to 232 Archaea than to Eukarya. Additionally, Lokiarchaeota, like all Archaea, contain helix 1 (H1), 233 which is in direct contact with H98 at the base of ES39, whereas eukaryotes lack H1 (Fig 4B) . 234
Combined with the eukaryotic-like size of Lokiarchaeota ES39, these characteristics predict that 235
Lokiarchaeota ribosomes have a unique structure in this region. 236
The pathway of ES39 evolution is unique. The ribosome has grown in size by a process 237 of accretion (Petrov, et al. 2014b ). Basal structure is preserved when new rRNA is acquired. For 238 instance, ES7 shows continuous growth over phylogeny, expanding from LUCA to Archaea to 239 protists to metazoans to mammals (Petrov, et al. 2014b; Bernier, et al. 2018) . The accretion 240 model predicts that H98, at the base of ES39, would superimpose in Bacteria, Archaea, and 241
Eukarya, but in fact H98 does not overlap in superimposed 3D structures (Fig. 6B) . The 242 archaeon P. furiosus has a slightly extended and bent H98 compared to the bacterium E. coli 243 ( Fig. 6B) . This spatial divergence is likely due to the difference in how E. coli H98 and P. 244 furiosus H98 interact with H1 of the LSU. E. coli H98 interacts within the H1 minor groove 245 through an A-minor interaction, while in P. furiosus H98 is positioned on top of H1 (Fig. 6B) . 246 H1 is absent in eukaryotes (Fig. 1) , allowing H98 to occupy the position of H1 (Fig. 6B) . 247
LAECA likely had a large ES39. The observation of supersized ES39's in species with 248
and without H1 suggests that ES39 growth is independent of the presence or absence of H1. 249
Whether LAECA had a large or small ES39 is difficult to ascertain because the Asgard 250 superphylum shows wide size variability in ES39 (Fig. 3) . However, the accretion model 251 suggests that LAECA contained a large ES39, which fulfilled a patching role upon the loss of 252 H1. In this model, ES39 was remodeled upon loss of H1. ES39 underwent strand dissociation in 253
Eukarya to fill the space left by the deletion of H1; this unpaired ES39 structure was further 254 stabilized by eukaryotic extensions of rProteins uL13 and eL14 (supplementary figure S4) . 255
This pattern of structural patching has been observed in mitoribosomes (Petrov, et al. 2019 ). If 256 ES39 grew to its eukaryotic size after the loss of H1, one would not expect remodeling to form 257 the unpaired structure; ES39 would have gradually accreted helices like other parts of the 258
ribosome. 259
Lokiarchaeota ES39 may extend in a different direction than eukaryotic ES39. 260
Lokiarchaeota spp. have larger ES39 than other archaea ( Fig. 3) and possess H1, unlike Eukarya 261 ( Fig 4B) . We predict that Lokiarchaeota ES39 has an archaeal-like interaction with H1 through 262 H98 and helix b (Fig. 6B) . Lokiarchaeota helix a likely grows out from the three-way junction 263 between H98 and helix b, perpendicular to the eukaryotic helix a (Fig. 6B) . While helix a of 264 eukaryotic ES39 is pointed in the direction of the sarcin-ricin loop, helix a of Lokiarchaeota is 265 likely pointed in the direction of the central protuberance or the exit tunnel. 266
Growth of Lokiarchaeota ES9 is unrestricted due to absence of ES15. To date, ES9 in 267
Lokiarchaeota is longer than ES9 in any organism except the alga Guillardia theta 268 (supplementary figure S2) . In H. sapiens, ES9 forms a kissing-loop structure with ES15 269 (supplementary figure S6) . ES15 is not present in Lokiarchaeota, which may permit 270 unrestricted growth of ES9. 271
Lokiarchaeota have higher complexity of rRNA than other archaea, consistent with 272
higher Lokiarchaeota molecular complexity. Previously, we demonstrated that biological 273 complexity is correlated with LSU rRNA sizes (Petrov, et al. 2014b ). Here, we found that 274 Lokiarchaeota is the only prokaryotic phylum with supersized ES's, bringing the size range of 290 archaeal LSU close to those of eukarya. Lokiarchaeota ES39 likely grows outward from the 291 ribosomal surface in a different direction than eukaryotic ES39's. Our findings raise the 292 possibility that eukaryotic-sized ES's existed on the ribosomal surface before LECA, suggesting 293 that ribosomal complexity is more deeply rooted than previously known. 294 bp. Paired-end reads were then assembled into contigs using SPAdes assembler (Bankevich, et 324 al. 2012) with --meta option for assembling metagenomes, iterating over a range of k-mer values 325 (21, 27, 33, 37, 43, 47, 51, 55, 61, 65, 71, 75, 81, 85, 91, 95) . Assemblies were assessed with reports 326 generated with QUAST (Gurevich, et al. 2013 Assembly. Publicly available environmental meta-transcriptomic reads were downloaded 336 from NCBI BioProject PRJNA288120 (Yergeau, et al. 2015) . Quality evaluation of the reads 337 the LSU, which is comprised of a single uninterrupted rRNA sequence for bacteria and archaea 354 ( Fig. 1A,C,E) , and is comprised of multiple concatenated rRNA sequences for the fragmented 355 eukaryotic rRNA gene (Fig. 1B,D,F) . The 5S rRNA, which is essentially constant, is excluded 356 from the size calculation. The comparison excludes rRNAs of endosymbionts and pathogens, 357 which tend to contain reduced genomes, metabolisms, and translation systems (Peyretaillade, et 358 al. 1998 (Fig. 4C,D) was generated in the Jalview annotation format and used for the base-pairing 371 conservation calculation. 372
Materials and Methods
Defining the eukaryotic ES39 fold. To identify the structurally invariant part of ES39 in 373
Eukaryotes, we used superimposition based on the common core within domain VI of the 374 ribosomal structures from 4 eukaryotes (Tetrahymena thermophila, Toxoplasma gondii, 375 ; supplementary figure S3 ). Initially the Drosophila 376 melanogaster ribosomal structure (PDB ID: 4V6W) was used in identifying the core. However, 377 as it has additional loops elongating the unpaired regions, we excluded it from our analysis. 378
Saccharomyces cerevisiae, Homo sapiens
Drosophila melanogaster is known to have AU-enriched ES's; therefore, it is not surprising that 379 it has perturbations in its ES39. Biosystems), and 2 μ l of RT reaction mixture were loaded in a 96-well plate. Samples were 418 heated at 95°C for 5 min before electrophoresis and the RT products were resolved using applied 419 biosystems. SHAPE data were processed using a Matlab scripts as described previously 420 (Athavale, et al. 2012) . SHAPE profile was mapped onto ES39 rRNA secondary structure with 421 the RiboVision program (Bernier, et al. 2014) . 422 423 Acknowledgments: We thank Cecilia Kretz and Piyush Ranjan for sample preparation and 424 genome binning. We thank Brett Baker for providing an unpublished Heimdallarchaeota 425 sequence (Fig. S8B ). We thank Jessica Bowman, Santi Mestre-Fos, Aaron Engelhart, Anthony 426
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